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INTRODUCTION 
Ceramic materials are gaining ever increasing popularity in different 
high-technology applications, especially in those where high temperatures 
are used. However, the mechanical strength of ceramics has thus far set 
limitations on their utilizing. The critical size of cracks in ceramic material 
depends on the force applied, but in typical applications it is less than 100 
11m. This small size in addition to the fact that critical cracks are often 
closed makes the use of conventional NDT methods in crack detection very 
difficult or even impossible. More nuisance comes from the porosity of the 
material which takes methods needing immersing in liquids out of 
consideration. 
Together with the detection and measuring of critical cracks there is 
also another motivation for exact crack length measurement. Fracture 
toughness of material can be determined by making an artificial 
indentation on the sample surface and measuring the lengths of generated 
cracks. So far the results of this kind of fracture toughness measurements 
have not been very encouraging which could be due to optical 
measurements used that might give results shorter than the real lengths. 
This study is divided into three parts. First we describe theoretical 
calculations of temperature distribution near the end of a closed vertical 
crack. Then we present the results of artificial Vickers crack length 
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measurements made by photothermal microscope. These results are 
compared with the values obtained using optical microscope. The samples 
used were both hot-pressed and sintered Si3N4 with the commercial 
names Shiganawa and Ekasin. The load used in the indentations was 10 kg. 
In the third part of this paper we present study of some real, not 
artificial, cracks. Defective zirconia samples were measured 
photothermally to find the phase lag caused by a crack. After these thermal 
measurements the samples were broken using four point bending to 
determine the bending strength. 
THEORY 
In many applications of thermal microscopy a sample is heated 
periodically producing a wave-like temperature distribution (Fig 1). The 
resulting temperature distribution in the sample can be described using the 
heat diffusion equation · 
iJT 
V · (K VT ) + G = p cat 
where Tis the temperature, K is the thermal conductivity, pis the 
(1) 
density, and c is the specific heat of the sample. G is the heating power per 
unit volume. 
Sinusoidal periodical heating with angular frequency w results in the 
temperature 
T (r,t ) = r (r") exp (i w t ) {2) 
Assuming that no heat is generated in the sample and the heat 
conductivity is uniform and doesn't depend on the temperature, the spatial 
part of eq. (1) can be written 
2 
KV r 
---='t" pciw 
(3) 
The boundary conditions of the diffusion equation are obtained from 
the continuity of temperature and heat flow at all interfaces. On the upper 
surface, z=O, of the sample this is obtained through the heating beam 
intensity. Cracks hindering the heat conduction can be described as 
internal interfaces in the sample having a specified thermal contact 
resistance. 
When the depth of the crack is finite and the length semi-infinite the 
boundary conditions make the diffusion equation (3) too complicated to be 
solved analytically. We solved this equation using finite difference method 
and Gauss-Seidel iteration. 
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In our model the sample consisted of three-dimensional grid where 
the crack was as an internal interface in the middle of two neighboring grid 
points (Fig. 2). The thermal contact resistance caused by the crack 
determines its severeness. The total thermal resistance between the points 
(i-1, j, k) and (i, j, k) is the sum of thermal resistances in faultless material , 
Axi2K, and the thermal contact resistance caused by the crack, Rc 
R =~+R + L1 X =U+R 2K c 2K K c . (4) 
This way we can define effective thermal conductivity Kef! 
(5) 
to get the solution algorithm simpler. Now the only thermal parameter 
that is not uniform in the sample is effective thermal conductivity which is 
used in the calculations instead of K. 
In the calculations line scans over the crack were simulated. The 
positions of these scan lines in respect to the crack are marked with 
Y-coordinates in Fig. 3a. The distance perpendicular to the crack is marked 
using X-coordinates. In Fig. 3b the crack profile used in these calculations is 
shown. A typical industrial Si3N4 was selected as a model material and 
thus the following values of the thermal properties were chosen: 25 WI (K 
m) for thermal conductivity, 800 J/(kg K) for specific heat, and 3200 kg/m3 
for density. The characters of the thermal microscope were also typical for 
photothermal microscopy purposes being 10 mW for the heating power 
and 5.0 11m for the 1/e-radius of the heating beam. 
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Fig. 1. Thermal wave production in the sample. 
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Fig. 2. The placement of the crack in the 3-dimensional grid. 
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As an example magnitude and phase figures of a special case where no 
heat flow through the crack occurs (thermal contact resistance 1*1o10 
m2KfW) are presented in Fig. 4. It can be seen that the effect of the crack 
ends very quickly when the crack ends and at the distances of 10 to 15 jl.m it 
can no more be detected in measurements. Calculations made with other 
modulation frequencies (1.0 - 16.0 kHz) and values of thermal contact 
resistances (1 *1o-8 - 1*1o-5 m2KfW) gave similar kind of results and 
showed that the determination of the vertical crack length is not sensitive 
to the modulation frequency, which is consistent with earlier studies of 
resolution made with other kind of defects [1,2,3,4,5,6,7]. 
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Fig. 3. a) The coordinates and b) the crack profile used in presentation of 
theoretical temperature curves. 
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Fig. 4. Magnitude and phase figures representing line scans made from 
various distances from the end of the crack. Value of the 
modulation frequency used was 1.0 kHz and no heat flow through 
the crack. 
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MEASUREMENT SYSTEM 
For crack detection we used the optical beam deflection (OBD) method 
which is also called mirage method. This was first introduced by Boccara et 
al. [8]. This detection method is especially suitable for vertical crack 
detection because of its sensitivity for transversal heat flux [9]. 
The sample was heated with an Ar+ laser with powers of 15 to 40 mW. 
After the amplitude modulation made by acousto-optic modulator the 
beam was focused on the sample surface with a microscope lens giving the 
value of 5.0 J.1In for the 1 I e -radius of the focus. The radius was measured 
using a razor edge. The probe beam was a HeNe laser that was focused 
using a lens of 120 mm focal length. The probe beam deflection was 
detected using a quad type position sensitive detector whose signal was 
input of a lock-in amplifier. The data was collected with a micro computer 
that also controlled the xy translation stage that moved the sample under 
the heating beam. In the crack length measurements several different 
horizontal and vertical offset values of the probe beam were used. To study 
the effect of the modulation frequency to the measured length of the crack 
frequencies of 1.0, 2.0, 4.0, 8.0, and 16.0 kHz were used. Zirconia samples 
were measured using modulation frequency of 1.0 kHz. 
EXPERIMENTAL RESULTS 
Vickers crack measurements 
A typical thermal image of a Vickers indentation and cracks in Si3N4 is 
shown in Fig. 6. 
micro-
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Fig. 5. A schematic view of the photothermal microscope used for crack 
detection. 
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Fig. 6. Thermal magnitude (a, c) and phase (b,d) images of a Vickers 
indentation and cracks (marked with arrows) originating from it. 
Location of the images in respect to the indentation is shown in 
figure e). Both magnitude and phase values are scaled to the mean 
value. The x and y coordinates are in micro-meters. Sample was 
sintered Shiganawa. The figures presented here are taken using 
transversal signal and modulation frequency of 1.0 kHz. 
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Table 1. Comparison of optically and thermally measured cracks. Distances 
are in micrometers and the measurement raster density parallel to 
the crack are in parentheses. 
sintered Shiganawa 
thermal optical 
515 (+22) 251 
370 (+20) 235 
hot-pressed Ekasin 
thermal optical 
420 (+15) 227 
370 (+20) 276 
In Table 1 the lengths of the Vickers cracks measured using thermal 
and optical microscopes are listed. 
The thermally detected lengths were measured as the distance between 
the outer raster points where the crack can still be seen. The measured 
crack length doesn't depend on the modulation frequency used which 
agrees with the theoretical calculations described earlier in this paper. 
Measurements of real cracks in zirconia samples 
After the photothermal detection of cracks zirconia samples were 
broken using four-point bending. The phase lag caused by the crack 
situated at the breaking location is shown in Fig. 7 as a function of the 
bending force needed to break the sample. As expected, the obtained phase 
lag gets smaller when the force, and thus the bending strength, becomes 
bigger. The correlation is not very good which can be explained by the fact 
that all the samples were not similar. In addition to the cracks there were 
differences in porosity and other volume defects which also affects the 
bending strength. 
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Fig 7. The phase lag as a function of bending force and the line fitted to the 
measurement points. Correlation coefficient squared is shown in 
upper right hand corner. 
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CONCLUSIONS 
In all cases the thermally measured Vickers crack lengths were more 
than 90 micrometers longer than the optically measured ones. As the 
numerical calculations show, the effect of the crack on the thermal 
measurement ends in the distance of 10- 15 IJ.m from the end of the crack. 
Because of this it can be assumed the longer lengths obtained thermally 
cannot be due to thermal diffusion. Either the cracks extend under the 
surface or they are simply so small that they cannot be seen. Modulation 
frequency and does not affect the thermally measured crack length in 
practical sense. Volume defects give nuisance for bending force 
determination using photothermal microscopy. 
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